RBsumk -La spectroscopie Brillouin 2 haute rBsolution a Bte employee pour d6terminer avec pr6cision la d6pendance avec la pression hydrostatique des constantes Blastiques de la glace Ih dans tout le domaine de stabilit6 de cette phase compris entre 0 et 2,8 kbar. Les variations des constantes Blastiques adiabatiques C11, C12, C13, C33, C44 et du module de compressibilit6, dans tout le domaine de pression sont respectivement 3.0, 7.2, 8.4, 2.8, -1.5 et 5.6 pourcent par kbar. Les vitesses longitudinales et transversales pour les aggrdgats de glace polycristalline sont aussi ddterminkes pour tout le domaine de pression.
Introduction
It has been demonstrated that the technique of high resolution Brillouin spectroscopy is very effective for determining the elastic properties of ice [I-51. In fact Brillouin scattering represents the first application of a single measurement technique to determine and very accurately compare the dynamic elastic constants in local homogeneous regions of ice samples representing four different environments of formation, namely, artificial ice frozen from distilled water, monocrystalline glacial ice, bubbly lake ice and sea ice [2, 3] . It was found that local elastic constants of ice formed under different conditions are basically the same. Consequently the hypothesis of. sample-to-sample variation, in particular, on the basis of age [6] was not substantiated. See ref. 3 
for a detailed review.
A pressure dependence of the elastic constants of single crystals of ice Ih, in the pressure range 0 -0.4 kbar was reported by Brockamp and Ruter [7] using the ultrasonic pulse transmission technique. Very recently a relatively complete pressure dependence of the average longitudinal and transverse velocities of aggregates of ice Ih (and other polymorphs of ice) was determined by Shaw [8] using the above technique. In the present work the technique of high resolution Brillouin spectroscopy has been used to determine accurately, and for the first time, the hydrostatic pressure dependence of the elastic constants of ice Ih in the full pressure range of phase stability (0 -2.8 kbar). The temperature dependence of the elastic constants have also been determined in the temperature range -4OC to -35OC.
Experimental Technique and Analysis
Brillouin spectroscopy is a relatively new experimental technique whose development has paralleled that of the laser. Brillouin scattering of light is attributed to those inhomogeneities, or fluctuations, in the optical dielectric constant of the scattering medium that are associated with the propagation of Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987104 spontaneous thermally induced acoustic (elastic) waves. Theory [9] can successfully predict the intensity, polarization and frequency shift of the scattered light with the result that (for a single crystal) the spectrum consists of three sets of doublets located symmetrically about the incident (laser) frequency, one (L) associated predominantly with longitudinal acoustic waves and two (TI and T2) predominantly with transverse waves. The acoustic velocities are related directly to the frequency shifts via the usual Brillouin equation [3, 9] . These shifts depend on crystal orientation and can be precisely measured by Fabry-Perot interferometry. Brillouin spectra are therefore recorded at a series of different ice crystal orientations and yield an accurate determination of the elastic constants [lo] .
The Brillouin spectrometer used in these experiments has been described in other publications [2, 10] The cell was kept at a temperature of -35.5OC in order not to melt the sample on pressurization. The pressure was measured with a 3 kbar Heise gage. Cooling was accomplished by enclosing the cell in an evacuated plexiglass cryostat, and using four thermoelectric modules with "cold faces" attached to the sides of the cell (see Figure 1) . Heat from the "hot faces" of the thermal modules was dissipated using an antifreeze mixture circulated by a Neslab cooler. The temperature of the cell, and sample, was monitored and determined to within f0.5OC by means of a calibrated silicon-diode sensor.
Ice Ih samples were obtained from a large piece of monocrystalline Mendenhall glacial ice [ 2 , 3 ] . A Melt extrusion technique was used to produce a very smooth cylindrical sample, ~1 9 mm long anda4 mm diameter, so that its c-axis was oriented at about 45 degrees to the symmetry axis. To avoid error in knowledge of the experimental scattering angle great care was taken to make sure that the bottom of the cylindrical sample(throush which the laser beam enters the specimen) was very flat, smooth and normal to the symmetry axis.
For each specimen it was necessary to determine the exact crysta1lographi.c C-axis orientation so that the angle between 'the crystal c-axis and the wave vector of the acoustic waves,~, for each rotation setting in the high pressure cell, could be used in the analysis of the Brillouin frequency shift data. To this end, an apparatus was constructed which made use of the birefringence of ice Ih. Frequency shift data were obtained at -35.5'C from two independent samples of Mendenhall glacial ice. The experiments were performed by orienting the sample to a particular Y angle and then running a series of seven experiments, one at each of the pressures 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 2.8 kbar. About 16 Brillouin spectra, roughly evenly distributed throughout the whole range of Y angles (i.e. 0" -90°), were obtained from the two crystals at each pressure. The spectra were generally obtained during runs of a few hours, depending on the intensity of the transverse signals (see ref.
3). The elastic constants (Table I) for each pressure were determined by minimizing, via a modified Newton-Raphson iterative technique, the squared error generated from the differences between measured and calculated frequency shifts using the standard closed-form equations [ i O ] . Each pressure involved about 36 measured shifts. It was also necessary to specify the density, p , and the refractive index, n, of the ice samples. The Lorentz-Lorenz relation, calibrated using Gammon's [3] refractive index and density of ice at -16OC and zero pressure, was used to determine the refractive indices from the densities at the different pressures and temperatures. The zero pressure density at -35.5OC was calculated from the expression for the temperature dependence of the density given by Gammon. The pressure dependence of the density of ice Ih was also required. To obtain this, the zero pressure adiabatic elastic constants (as measured in the present work) were first converted to isothermal values, in order to obtain the isothermal bulk modulus BT [11, 12] . See Gammon [3] for a complete discussion, and parameters used. The assumed form of the isothermal bulk modulus was BT(P)-BB+dBT/dP, where P is pressure, BE is the bulk modulus at zero pressure and an estimate of dBT/dP was made using the data of Polian and Grimsditch [4] . This expression was then used to obtain the ice density by integrating the reciprocal of the bulk modulus. The preliminary densities and refractive indices of ice at the 6 elevated pressures were determined in this manner. These parameters were then used, along with the frequency shift data, to compute the elastic constants at each pressure. These elastic constants were, in turn, used to obtain a better expression for the bulk modulus so that more accurate densities and refractive indices could be calculated and improved elastic constants could be computed. This procedure was iterated a couple of times, resulting in a completely self-consistent set of densities, refractive indices and elastic constants for ice Ih at 7 different pressures spanning the region of phase stability at -35.5OC. Table I summarizes the results from the entire set of experiments. The elastic constants included in the table are adiabatic values. The five elastic constants were least-squares (quadratically) fitted to the pressure so that values could be obtained at any pressure within the region of phase stability. Similar expressions are derived for density and adiabatic (BS) and isothermal (BT) bulk moduli as given below: c3, (P) = 156.415 + 4.7546 P -1.1307 x 10-I p2 BS (P) = 92.296 + 5.5533 P -.26104 p2 BT (P) -89.684 + 5.3668 P -.25215 p2 P is pressure in kbars, the cijls are the elastic constants in kbars and p is the density in g/cm3.
Results and Discussion
In Figure 2 are shown the "best" fit curves of acoustic velocity versus angle 7 for various pressures. Experimental points on the average fall well within 0.1% of the best fit values (see, for example, Figure 3 in ref. 2) . As discussed in detail [3] the estimated absolute (systematic) uncertainty in the elastic constants is 21% and is primarily due to possible uncertainty in the scattering angle or experimental geometry.
The temperature dependence of the elastic constants was obtained by first accurately measuring the variations in longitudinal Brillouin frequency shift, at one sample orientation at .5 kbar, which resulted when the temperature was varied from -35OC to -4OC in -4OC increments. This same temperature dependence was then assumed to pertain to all orientations of the sample, and was applied to the frequency shifts obtained at zero pressure and -35.5OC. Elastic constants were then computed from the temperature adjusted data, and quadratically fitted to the temperature to yield the following expressions: where T is in "C and c .'s are in kbar. i J These temperature dependence expressions were used to calculate the elastic constant data at -3'~ from the present data (see Table I ). Agreement well within 1 % (on average 0.7 %) is noted with artificial ice results of Gammon [ I ] using a similar well-defined cylindrical sample geometry. The temperature corrections (2) above give results close to those obtained by Dantl's temperature dependence expression [61.
In Figure 3 are shown, the percentage variations in the elastic constants versus pressure. Immediately obvious is the negative pressure dependence of ck4. This can be interpreted as an indication of softening of the shear modes and decreasing crystal stability before the phase transforms to another structure The elastic properties of polycrystalline aggregates must take into account the various sizes, shapes, and orientations of the crystallites that comprise the medium. However, if the grain orientations are assumed to follow a uniform random distribution, and a sample includes a large number of such grains, then the bulk elastic properties should be very nearly isotropic. In the present work a good estimate for the velocity of longitudinal acoustic waves in aggregates was obtained by suitably averaging the velocities over the complete range of propagation direction available within a crystal, as discussed in ref.
[31. The results for each pressure are shown in Table I . Experimental verification was carried out by conducting Brillouin scattering experiments on actual polycrystalline aggregates, at zero pressure, produced using the method described in the following paper. The mean longitudinal velocity, V L , 3.926 km/s determined from 4 experiments on three such independent samples, was in excellent agreement with the calculated value (3.914 km/s). These results were also in excellent agreement (within .5%) with the value determined by Shaw [8] using ultrasonics on polycrystalline samples. The-velocity of transverse acoustic waves in aggregates were calculated from VL , p and BS , and are shown in Table I . The variations of the mean longitudinal and transverse velocity versus pressure are shown in Figure 4 . Note in particular that VT decreases with pressure indicating clearly, as pointed out above, decreasing crystal stability.
The present work represents an accurate and complete analysis of the elastic properties of ice Ih as a function of hydrostatic pressure and should prove useful for gaining a better understanding of ice, and the important role of hydrogen bonding, and also for engineering applications involving ice management. The bulk elastic properties for given natural samples are (of course) dependent on differing grain texture and presence, and extent, of various kinds of inclusions [2, 3] . 
